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rates, long term testing is necessary.
The tests are fully aulomaied with a
rontrol romputcr that is able to diagnose
I;\ul\s and, if necessary, lcrminate a
pmticular lest.

The test configuration is shown
>L’hCm:]lil-ally in lig. 1. The cspcrimcnt
is designed to mcmurc reactant flows,
product flows, current and voltage, and
heat Ilows. The determination of wa[cr
pr[)ducLion rates and locations ht~lps in
[llcI cwalu;~tion of candidate membrane
ll~,ilerluls used to form PKM slacks.
Illectrorhcmical wmcr production is frc -
q’.mltly used [0 supply makeup WIGicr,
Inuking this diagnostic measuremcm! dif -
Iicult. Waler flows were pilrlitioncd in
1he t’xprrimtmtid dvsign spcuif’irally to
d(u[’rmint’ st Ltc.kWill w l)diltl(.(%.

Electrochemical wmer production
occurs in the cathode compartment as the
result of two processes, hydrogen oxida-
tion and water generation as the result of
clectro-osmosis (transport of wa (m from
the anode to cathode membrane faces as
the result ot’ proton motion). \V~tcr
transport occurs through n-oticm of J hy-

drated proton, 11(H20) n +. This Iype 0!
transporr is frequently termed “water
drag.” Water also moves from the wet
cathode t o the anode thr(mgh the mcn~-
brane controlled by membrane n~ilss
transfer rmes.

The rm)dcl predicts [hat ~ppr~)cia-
blc fril:t ions of waler can hc prod ut.1’d i11
[he anock (x)mpiart mf?nt, depending on 1hc
\’ill UC’ Sole’ctmi l-or ks :Illd 11, WllL’11’ kS is LI
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~ hly CX-
pcriments showed relatively short stack
Iifcrimes. ‘Ilc cause of failure was typi-
call}’ CXCL%Scross over, [hat is, excessive
lcJkagu mock! to cathode rcsulling from
onc or more failed meml~ranes. Biillard
worked [0 correct Ibest’ failures and
suppiifd J scri(’s o!’ mfxlificd stacks wiih
imurove(.f nwrnbranes, c’lcctrodes, gas-
k(2TS, illld SL’ill S. A variety of stack
clamping dwiif+ns have been tested. Each
lime n stack wds refitted to solve * known
technical problem, the clock wiis set to
~~’ro ilnd [c’sling started on that ncw (x)n -

Iigur.lt ion. Inilially failures occurred
near 200 hours: [he Ias[ stii~k Ics(cd,
fit I(d wi[h Ni~l’ion mmnbrarws, 01]1ainul it

[(’S1 llllril(i(!ll 01” 1 25(J Ilours.

‘1’()(ILLI(’,{W() improv(’d 4 kW !llil(”liS

llil\’1’ 1)( ’(’11 1(’!il(’d -- [1)11 Ihlldl”d M;,rk V

“Ndlh)ll” i~Ikl “I) OW’” \IiI(. ki. ‘l”lIt*N;ll”ii)l~
sl.lt”k lt’sltd 11:1s 40 sin~l(’ (.t*lls, using
1:1.IIJIIII(* Ilip(d:w I}l,Il(I\. l:dtlI (.4.111IIJS ,IH
.!(.li\~[*,Il”!’ii 1)1”.2.{/?..+l.”111~(().15 Ill). ‘[’li(~
Ili}:lliv 11(*1-101111,111(”(*01 tll(~ lk)w III(IIIIIlr,II:t I

,111IIw\ 111,11illu.k 10 (’t)lll,lill f)llly’ .10 I.(111~.
1“11(’\lcl!’k\ -II(’ Wll[(’l” (’()()1(1(1 11110111!11 I])(*

11”,(’ (11 iill[’}:r,lli’11 (()~)liil}: II; II(Iw,IIII.

(’ofdili}: Will(’t- ,IIWI ll(Iw\ II II OII};II III(I

l~lllllilllti( ,111011 \II(lloII 111,11 loIIII\ {1111

1’11(1 01 111(’ \l, U’h,

!; I) III(I 1(’1)1(’”,1’lil,ltivl~ (1,11,1 11{1111 111(’v.

1( ’\l\ 1“.111 11{’ 101111(1 Ill I“lil)l(’ 1. “1’11(’M’ {1,11,1

\\’(,11’ l)ll!,llll{, (! 111)1’l,lllll)! 111!1 \l.l(”k’, .I1 .1

( (lll\[.lllf t 1111’(.1][ 01 I ,J’) ,\lllll\ ll~jlllllll}:

III ,1 I 111111111 (h*il\il\’ III ‘; {N III;\ 1111~ ~’)()()

,11111) 11’), 1111(1[,1 111(’\l*({)11(1111011 1]11,

i~verage ceil vollage for the Nafirm stuck
W&i 0.752 V and WaS LL799 V fo[ [he l)OW

slack. The apparent clecirical clficiency
(elemrical encrgyi lIHV fuel energy) was
5(_).796for the Nafion stack and 54. l% Ior
[hc lbW stack.

\lcasurcnlc)n[ ()! vollilgu pl’rfor-
mancc under various loml conditions wilh
time is straightfonvard and gave, in gcn- “
eral, expected results. The Successful

par~ition of chcmiual energy into l’lcwlri-
cal energy and exhaust hwtt roulincly
showed internal and cxlcrnal lL’uk rwes
were very low on the improved slucb.
/\&lit ional stack tcsl ing and prrf’orm~lnce
model details ran be found in Rcl”s. 1 .md
(1.

POWER SYSTEM DESIGN

;



technologies identified in the technology ment and system integration, there would
nssessrnent phase. The resulting system be no difference beiween the space and
incorporates PEM, metal-hardware fuel terrestrial components. Total system
cell stacks, PEM electrolysis stacks, and considerations would also be VPW simi -
cm-nprcssed-gas reactant storage in fila - Iar. only later would development ef-
ment-wound, lined-composite, high-per - forts become application specitic.
formancc tanks.

‘I”ABLEI Energy Balances and Water blames from operating PIN Fuel Cell Stacks

I!mrgy lhlimce I

Membrane’ Fuel Flow Reject ll~ii[ S[ack Iitwt Anode IIeat cathode Electrical
TVpc Loss Loss IIeat Loss Energy

Naficm 8532W .1581W 187W 165W 284W 4327W
(i II{v)

I>(-)W 7.39SW 3(M)6W 160W 187W ~87W 3,)07\v

(Iillv)

Membrimc Water hi Product WiltCr Anode Water Cathode Wi~[~r
Type i“makwlp”) (from I 12 flow) Flow 1J1OW.—

Nafion 2s2 g/n 1,935 q/h 181 g/h 2,027 g/h
IW’V .34s K/’ll 1,07-I }:”11 -lS.i $J/h 1,6.3.+ g/h

1{

s

I@jcclion

I .11:111

slnudA—_ MQdMlaL_.P.EM
~ A spxc! p)wc’r sys[(’m rc-
qulres a wci~h[- and volume. (-”ns[rillll~d,”
r(!llilbl(! :Illd ru~f@ powm supply. %mM?
ilp~ll(’illlO1lS hilV(’ [11(! IiVll(!fll of IOW

gr:lvit y ( t’or t’Nill)l~}lt’, 011 I IN’ Iun:ll” sur-
f:wc), t)ut olhur ;Ippllratlons must t’unc-
[1011 In [11{’ lill Cro~l”tlVil% f)l SII;I(-C.

lklllollSlrill(’d (-olll(’lll~M) l”ill”Y d(’(”11”04”111’111-

If-ill Syslems it1“(’ quil(’ (’olllplrx
(Uspw-l:llly Ill ilnl’lllill”y (“f)mpoll(’ills
t.onlr;lsti’d 10 c~l[’{-l !”()(”ll(’llli( -;ll (olIIII()-

1)1’111S), lllilliltl~ 111(’hifltl r(’ll;ll)lllly 1“(’-
qiIII.(*m(IIlts 01” lut uril :1~):1(’(’ lllls\it)ns
(11111(}t’llilll(’11~111~. Ilow{wt’r, IIIIW (l(vil~lls

011(’% 111~’Ilol(’llll ill It) (’lllllillill(’ 11(’il Vy

IIII)OIi\I” I)liI[(~s .IIIII HI(’;IIl~ sltl~l)lilv ~lit(”k

111[’1’lllill lllilllil~(’lll( sill , 111(’1”(’11~ 1“(’tlll(’111~

Sysl(’111 u)nlpl(’x!ly, Mor!’(m’(’1”, \u{ II {I(’.

%1~11$ (’;111, Ill (’011(’(’[)1, 11:111(11{’ ll’f ’(’7~’ 111.lw

i’)’l”lt% WIIII 11111(’~)loldt’111.
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era[ing on hydrogen, we have developed a

concept 1 that has the potential for ex-
hibiting the necessary and desirable
L-hitra(-teristics [Refs. 11 Jnd 12].
>Iodulari[y permits bolh flexibility in
mission planning iUld increasing ()\’(’rail
reliability. Appropriate power sys[em
designs tend to intcgr~te into human
habitat modules, simplifying heat man-
agcnwnt in space environments.

The selection of compressed 1“,ydro -
gcn storage in a composite pressurr ves-
sel presc’ll[s (he syslem designer wi[h a
sizable cylindrical Scc[ion. In rmlsider-
ing WJYS to optimize the parkaEing of an
{Inlire power system, a concrpt was dc-
\cIlopcd that wraps [hc I)I!M l“tIcIl cell
c(mlpon~mls around [he c’s[~’ri(tr ()!” [11(I
h}rdrogcm lank. In [his l’onrcpt, [IN’ mw-
~’ss:wy Now llclds, i.m(tie, nlmlbriinc}, ,ind

t.d[hodc iirC assemblmi in iltl mmular
conligura[ion. ‘I”his ronligur;l[ioll is

modular, ;md usvful voltages can 1x’ ol)-
[ilill(>d hy l’l(?~tri~ill!y c(mnccting (lIL’ illl-
011(”Jlld (.ti[llod(” of ilLljil~4*IllIllodul(’s in
Scrius. ..\ll clffiricnt \olid-Slill(l 1)(1-1)(1
(“onv~’rlur raises the “\[ill.k” voltklgu to
111(I dc’sirvd syst{’nl OUII)UI \ollaKt’.
I ligh~v’ SySl(>lll pow(’rs (.illl IN’otllilill(’d 11~

ill(.ol”~lorii[i[l~” ddditioniil ;Illnlll.lr I)I{M

Iilolllll (’s.

An indlvidud Imxiulc’ (.ollsis[s of
.111dnlluldr ilrrilll~t’m(’nt of I)l:hl Ill(*l (“(*II
(’onlpoll(’ills. ” From tlw lllsidl~ 011[ llll~r(,

.Ir(’ su(’(.t’ssivt’ Ia)wr% pl’rl~)rnlillg 11111
Iulwti(m 01” (11(’ pO1’OUS” Cl(’(.l ro(.illillyli(”

,Illod(’. IIN’ plo[ol]” (W(”ht{ll}:t’ 11”1(’mllr;llu”,
.111{1111(1pol-OU!i” (’l(’(-lro(”il!ill~li(” (.,11110(1(’.
l’r(’ssuri7(’11 oxy~tvl is l(’(”ii-(”(ll;ll~)~l OY(II

111(’ (’XI(’1”101” 01” [11(’ (“ill llo LIL” ~]r(widill}: Illt’
~)xitl,llll, llydrt)~(vl is I“[ILIl“r{~IIltlIII \t~JI.-
,1}:{1I.lllk [Ilroll}:l) ,[ lli(’sktII”(I ItI}:IIl; Ilor [(}

-I 1)1(11111111[t~’llill~ III(I ,III(NI(III(NI Ii(’l(l.

I’llt’ lIlt*l ~(’11kl.1(’h i\ .I\wIIIIIJl(I(l ~)11

III(I (Isl(’i-iol f)l III(* lI\xllo}:4’11 \lol, I}:(” 1,1111..,

Ivl)i(.11 I{)llI~Il{IIIIIV \II~)lM)I l\ 111(1 ,11111111,11

I

fuel cell modules. AS i~ result, the fuel
cell components can be very thin, provid-
ing high performance, low weight, and
ease of heat removal. System s[~?rt-up
can be rapid because the low mass l)f the
cell allows the membrane and catalysts to
rapidly attain the optimum operating
temperature. The gas-diffusion porlicm
of the electrodes is cons[rurted lrom
carbon felt emtmdded, if necessary, with
a wire-screer, conductor. A]i optimized
membrane fabricated with intcgrd chin-
film catalyst lityers is hot-pressed be-
tween the carbon fel[ electrodes [0 rom-
pletc [he CC1l. No clamping forces or as-
sociated hardw~rc are rcquirw.i. Lt.) cln-
vision fabrication of two carbon-felt
c’lw.trodc sm. [ions on J continuous” ~IIcI~.-
1riCill conductor.” wlwrc O1lL”(’lm.tl”octc
sect ion becomes the .moclu 01 Ihe
“’lipS[rC’illTl” (-(’II dnct Ihc 11(’s[ L’1(’(”lrod(!
scrtion hcconws the c~l(hodu t): the
“downs[rcam” cell. ‘I”hc continuous cwn-
ductor electrically (xmnvcls [he dII(xlc
dnd cdthodc of adjacent Imdulcs. (‘1’hc
Iransilion must ill!io Illiiilllilill JllodU-lo” -

AIIOLIC iin~l l-i~ihod~-[()-(~!h()d(~ t’h’clriral
$L’pilr:llioll, continuity ol Illc Unodc” lly -
{lrog(*Il flow I“ic’ld, and se,).uvllion ()( IIlc’
.l[lod(” J1’ld l.illllodl-” ~LIS lIOW!+.) “l’lIL’ 1111(’1--

(.ollll(’(.tion” (.oll(.c’l)t l.iltl 1)(’ SL*L’ill l;ig. .{.

I[ydrog(w

I’low

I’icld

( )Xy)!rll

lq(~w’
I’ivld

\ ( khl’1

I .Jy’(.l
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[rical ~onnection bcween lhe individual
moclule anodes. This layer is fabricated
!rom a h)w-drnsily, high-porosity, open -
CC1lpolymer that acts as the anode Ilow
iicld. ~~n additional layer of the same
m~~terial covers the exterior ot the stack
~sscmbly, mechanically protcclillg the
mnul, ~r modules i~d prcvcntlng any cx-
[crior contact Irorn shorting cmhodc-to.
ml bode, while allowing the free II(Jw of
oxygen, product water, und excess heat
[hrouxh [he intcrconnccuxi porosity.

The recirculating cathode oxygen
[low serves m remove heat caused by lUCI
cell inefficienci~!s from the stack imd m
sweep product water from the system.
Su bwq umt heat exchange from [he r(~ir -
(’ulaling rathode flow will condense the
product water vapor 10 liquid whcrr it
can tw rollcclcd and drained [0 the L’lw-

Irolym’r wiltcr source. ( In IIIC ahscnw of
grilVil Y, centrifugal scpara[ion of [h(’
liquid wiuer will bc r~~uirc~.)

A closelittin~ shroud encloses tlILI

\~St(IIII. ‘I’his shroud ~hillll~t’ls III(! (iIth-
I)LIL’II(W. sul~ )orts (how” (’{)mp(metlls 110[

dirvclly mounted on Ihe ta:lk, ,uM.I pro-
vides [Iw pressure h mlldary for (Iw Iucl
(“vII syslun. S(mw fraction ()1”the wnslc
h(I;II \uill dissip~~t{~ [hn)ugh IIw shroud.
Rills on 111(’inside f)t’ tll(’ shroud (x)IIILI(’I
And rc[ain [he porolls” laym covu-ing [hr
(“ill llo(!(’. ‘1’11(’ US(’ of (’om~osilc” nl;llt’ri;ll
I’or II)cI shroud could provid{? vx(x’p(i( )IIal

%Iillllvss ,illd slr(w~lh with Iittl(* w(’ighl
impm-t.

A ( olll]lw”(ing boss 011 tl~c upper (ml
()[” III(I (x)tllposit(h storil~(~ t,ll~k 1(’(ds [11(I

lIydI( )}:(’11 pr(wurt~ r~~gul;ilor. “1’ht~I)[m)us
,1[111111.11”;Ill(mh’ Ilow fl(’1(1 Is (“OIII1(Y”I(’11 10

I 11(’ l)l”(’hsll rr-1”(’glllillt’(1 llylll-ogtlll iul)[)l}’

l)}’ ,1 1]1{11111111. 1:~11(’lill~[’111:11 r(’tlllls iIII!

1:(’~1 t 11:11 llylll’()~(’11 Illlllli(lil”it”.ltit)l) ih IN)t

I t’qllll’(’(1 il” I’{*II (.UIIIIIII 11(’llhiti(lf .II(I

h{’pI 11(’h)w ill}oul 500” Ill/\? ’,”Ill~. ,\ (’f)ll -

t]t’ctitl~~ lN)Sk 011 1114’ l~)lt(~tll 01 [11(’ I.ltlk 10

I ,Ilt’s .I ~;ll(’ly ~’;Ilvt~ ;IIII! .1 v. IlvtIll [ill ~MIIl

1~)1 1~’lu[’lill~: 11’o111 111(’ (’1(”l’ll(ll\, /(’l.
l{II~,IIIWIw,llI.It \vill %I(N41v,I{(UIIIIII,II{I III
111(’Ilt*,l[lt’lld ,Ill(dt) Ill)w li~’ld, ,1 1){,1 io(li(

I)ill}:t’ ~)1 ,1 “kllllll)” 1$ r~’tlllir(t~l, willl ,1

(’(lll(,\l)oll (llll}: vill\~{* ;111[1 (’1)11[1’ol {“11’(”,111.

Safety considerations are expected
to rcqllire the incorporation of hydrogen
leak sensing and automatic shut-off of
the high-pressure gas supply. Ilycirogen
sensors can be relatively simple and ro-
bust, consisting of a catalyst to enhance
hydrogen oxidation and a thermocouple
to s(!nse [ha[ the cxorhcrmic reaction is
occurring, This function does not signif-
icantly complicate the microprocessor
control sys[mn.

ligurc 4 displays lhe annular
module PUM lIz-02 fuel CCII concept.
When integrated with an elccrrolyzcr, the
resulting configuration forms the re-
versible energy storage/ generwion por-
[ion of a rcgcrwrmive power sysic’m.

To illustrmc the

concept, we have perf’ormcd some scoping
c;tlculkltions on a S-kW, 20,()()0 W-h
%yst(’:11. ‘I’() increase [he povvcr density,
wc have cxtcndul the design con~.cpt
(dewribcd above ~nd in Rc’fs, 11 iind 12)
by “folding” th(: PI!M n~cmhriu~~ i~l~dclcc -
trodr ilSSL’llll)liUS in(() Iwo concvnlric
cylinders. Ilcrc, one Illollo-lily(!r” of Cells
rovers thv hydrogen tank surface (as
ilhoV(’), 13UI [II(’II “crosses ow’r” illld foldS

hilt-k on itself wilh ;t cmtilluvcl IuOIM)-

Iayt’r 01 (.t*lls Iininx 111~’insidv 01 Ihc
sl~rou(t,’prc’ssul”t! l)otlldilr~. ‘1’11(’ iilIlc)r

;Ind outt’r I’l;M r(’11~ ilr(~ ;wrang(d M) [hat

IllL’ (’ill 110(11’S I“il(”(’ il (-olllilloll” OX~}:L’11 jl(lW

li~’ld.

I;or 11’il(’tilflt sl(wagv ul .3,()()() psi,
[Ill’ 1“(’Slllllll~ (“olll”i~lllill loll” 11;1S il \lll-OUd

outt’r dhlulc’lf?r 01” il~)~llo Xilll;lll’1~ .i(~..f (-m

( 1 -1..{ iii) illlll ;111 ov(’r.dl 1(’llgth 01” iil)olll

1.3.+ (’111 (5.!..{ ill). “1’11(’(’()I”ll%poldlllg

l) X~}:(’11 Iilllk Ilil’, iill ()(11171” (Ii;llll{’lt’r [)[
25.4 (“111( 10 ill) illlll illl OV(’I”;III lt’11~[1101
~H.[) (111( +S ill). “1’lltI~.,lli”lllill(’{1wt’i~llt 01
111[~t.~ilk~, I(~iI(<IiIIiIS, III(II ((III \tii(”k,
\l~I(IIILl,’l II(I\SIII(I l)(; dIlll.iIv .III(I tlu~”li~l~;

is 2N.7 h}; ((1.{.1 11}). Ili}:ht’r lI\’t!IfM:tIII
\tt}I;l\:~I l)Ix’~sIIII’ will [1[’( I’{’llh(’ V(lltllll(’,

1)111 I1,Iv(I litlh~ illll),u’1 011 ov(’rilll w(’i~lll.

Illf,lll(lill}: :1 1’011}:11 (’%lllllill(’ 101” 111(1 \V(’1~111

11[ [ll{)\(, lI(,(”(~\\ill’\, (“01111)011(’111%” Ill)t il]-
t“ltld(xl ,tl)ov~*, it ,ll)~)(l,ll-S IIlilt ,1 Illillhlly
(Ilu! lt’ill(’lill~lt’) “ll,IlltII-)’” (II tllii tl(*slKIl
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the heat rejection components) exceeding
500 W-h/kg (227 W-h/lb). Higher stored
lmergy will increase the energy density,
with the syst~rn energy density ap-
proaching that of the reactant storage
subsystcm. Figure 5 displays a cross-
sec[ion through the example fuel cell
module.

t Iydrogcn

Storqy ‘

( )xygcn

supply

Direct radiators are large, therefore, and
consequently heavy. In an application
where living or equipment space must he
conditioned, however, use of this “waste”
er~ergy for heating, with subsequent re-
jection of excess heat horn the larger
surface of the conditioned volume, may
prove attractive.

Rccircukttion Fan

Radiator or
IIcat Exchanger

Fig. 4 Si,nplc nmdul:u system comsl’pt using imnulm- PEM fuel cells.
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consists of the following major
~.omponenrs:

● .A fuel cell sbbsystem consisting
of several annular PEM modules,
[he a.node and cathode flow-field
layers. [he anode feed plenum,
md gasketing;

● ,\ hydrogen delivery system con-
sisting o(’ a high-performance
~raphitc-composite reinforced
~-ompressed-gas storage tank with
J shut-off valve, pressure regu-
lation, a safety valkw, J valved fill
por[, and m ~node-flow-[iclcl
purge valve:

● ,\n oxygen delivery systcm con-
sisti.lg of a l~igh-perform~i]~~-e
graphite-composite rein forc~’d
i-omprcssed-gas storage lank with
il Shut-off Villvc, pressure regu-
lation, J safety valve, a valved fill
port, a humidifier, a rcclrculil-
lion fan, a heat cxclungur with
provision for pro~luct w~lter rt)l-
Icc[iorl, Nnd il shroud ipressur(’
h)tllldil~;

broad uses in both the civilian and mili-
rq sectors.

FUTURE WORK

As part of the ongoing effort, [he
Los Alamos Nil[icmal I.aboratcmy will tis-
sist the NASA Lewis I@scarch Center ‘Iv
conducting an electrochemical cdl tcs:
program 10 provide critical life, relia-
bility, and performance data curren(ly
lacking in the data base of F17Mfuel CC1lS
and water elcctrol}zers. Los AlarrIus will
provide technical support for fuel cell
progrilms managed hy NASA lcRC at the
discretion of the NASA progritm manager,
1.OSAlamm will id~() c(m[inue to develop,
in (’ollab[)rarion with NASA, the single
rcll stand [hut WJS delivered [o N~\S,\
1.(!R(;during Fiscal Yl!iW 1‘)02.
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